Double polarization electro-optic beam combiners based on a Ti:diffusion lithium niobate waveguide have been developed for mid-infrared applications. A monochromatic rejection ratio of up to 33 dB at λ 3.39 μm was obtained, as well as wideband fringes showing low dispersion. In a first part, studying the fringe contrast as a function of waveguide width, we found a compromise among transmission, signal-to-noise ratio, and fringe contrast, depending on the single-mode behavior of the waveguides. We will show that both polarizations are guided, and at least 70% and 90% contrast is achieved, respectively, in TE and TM with a 400 nm wideband light centered at 3.39 μm. After choosing the optimal combiner and designing the electrodes, we studied the electro-optic response of the device, using a monochromatic source and scanning the fringe, by external as well as internal modulation, in order to determine the rejection ratio and the voltage needed to cover half a fringe (V π ) voltage for both TE and TM polarizations. © 2012 Optical Society of America OCIS codes: 130.3730, 120.3180.
The mid-infrared (MIR) astronomical band L (3.4-4.1 m) is a key region to observe exoplanets and dust disks in the neighborhood of host stars by allowing the study of cool matter [1] [2] [3] . Furthermore, the star-to-planet brightness ratio makes the operation interesting beyond 3 μm, where this ratio reaches a minimum value around 10 −4 for hot Jupiters and stellar dust. Stellar interferometry allows the observation of such objects at the milliarcsecond scale. Therefore, integrated optics (IO) active beam combiners are an interesting option regarding stability, modal filtering, real-time electrically controlled phase, and the ability to combine multiple apertures on a single chip [4, 5] . Lithium niobate (LN)-based electro-optic modulators, commercially available for near-infrared applications, are known to achieve high bandwidth and deep rejection ratio [6, 7] . As LN has good electro-optic efficiency, it is possible to electrically on-chip tune the optical path delay (OPD) between the two arms of the junction before combination. In this Letter, we present performances of IO beam combiners made by titanium diffusion in x-cut LN crystal. We show that this method is suitable to achieve both TE and TM polarization guidance, either for monochromatic or wideband applications.
Sample fabrication. The combiners consist of geometrically classical Y junctions, composed of straight segments with constant width where the Ti:diffusion parameters have been optimized to achieve single-mode guidance in the L band for both TE and TM polarization. The waveguides are built by depositing a 190-nm-thick titanium ribbon on the LN substrate and subsequently diffusing for 20 h. The width of the titanium ribbon goes from 12 to 26 μm by 2 μm steps. For the active device, aluminum electrodes have been deposited on the chip, at both sides of the first arm waveguide, and a silica buffer was used to ensure good adhesion.
Experimental setup. We developed two optical benches. First, in order to characterize dispersion, signal-to-noise ratio (SNR) and wideband contrast, a black body source was used. Second, for high contrast studies, a monochromatic 3.39 μm He-Ne CW laser was used. In both cases, light coming from the source is focused on a 20 μm diameter pinhole placed at the focal distance of an off-axis parabola (reflected focal length 25.4 mm). The collimated beam is separated by a thick ZnSe beam splitter in a Michelson setup. One arm is tunable in OPD, and the second one is slightly eccentric. These two beams are focused at the chip inputs, 250 μm separated, with a ZnSe lens ( f 25.4 mm). Therefore, as the collection and injection focal lengths are the same, the optical magnification is 1. The output of the chips are imaged with an IR camera. To measure spectral transmittance and differential dispersion between the two arms of the combiner, we externally scan the OPD with the motorized mounted mirror.
Monochromatic fringes. The mathematical expression of a monochromatic interferogram, assuming the source is nonresolved, is
with I 1 , I 2 as the photometry of arms 1 and 2; V as the visibility, and ϕ the phase difference at the junction. V can be expressed as the following product:
with V atm as visibility of atmosphere, V instr the instrumental visibility, and V source the visibility of the source. V atm can be assumed to be 1 since the waveguides are single mode at 3.39 μm. As the source is experimentally unresolved by our interferometer, we assume that V source 1. Thus, the parameter under study is the V instr .
At first, the OPD is scanned externally. So ϕ can be expressed as [8] 
with L 1 as the length of arm 1, ΔL the differential arm length, Δβ the propagation constant difference between arms, x the distance covered by the motorized mirror, x 0 the initial OPD between the two arms, ϕ 0 the initial phase difference between the two arms, n eff the refractive index of the waveguide, and σ the wavenumber (λ −1 ). The differential arm length ΔL and the propagation constant difference β 2 − β 1 are responsible for contrast attenuation and fringe asymmetry. The normalized function for fringe contrast studies is [8] 
Passive junctions. For polychromatic measurements, we used a blackbody light source set up behind the pinhole and the motorized mirror to scan the OPD. The device has no electrodes and consists of Y junctions of increasing channel width, from 12 to 26 μm. As we aim at studying the guidance of the two polarizations, we place a polarizer and analyzer, respectively, at the input and output of the chip. The dispersion is theoretically related to the refractive index difference between the two arms of the combiners as a function of wavelength. If the two arms present the same dispersion, β 1 λ β 2 λ and the same length ΔL 0, there will be no differential effect and the junction will not be dispersive. This is what we experimentally observe. In Fig. 1 , we observe a typical fringe packet obtained with the IO junction, in the TM and TE polarizations.
From Fig. 1 we observe very slight asymmetry, which leads us to conclude that the differential dispersion between the two arms is not significant. As the dispersion is negligible, the expected contrast in the combiner is then only limited to the modal filtering capabilities of the waveguide and the efficient destructive overlap of the optical beam at the recombination point ( junction). We present in Fig. 2 a synthesis of the Y-junction performances for the two polarizations as a function of the width of the waveguides.
As Fig. 2 shows, the best contrast (91.2%) is achieved in TM mode with a 12-μm-wide waveguide and a bandwidth of 16.2%. We observe that the contrast decreases, whereas the spectral bandwidth improves as the width increases and the waveguides are more and more multimode. This study allows us to choose w 14 μm as the optimal Y junction, on which we are going to lay the modulating electrodes.
Active junctions. First, we used a moving mirror as an external modulation to scan monochromatic fringes in the electrode-coated device. The monochromatic fringes measured in this way, for both polarizations, are given in Fig. 3 . The best rejection ratio obtained is around 2000, for TE polarization. As TM fringes are too close to the noise level, even below for some, it would not be relevant to measure their rejection ratio. Both polarizations are guided and recombined but the TM mode is more leaky (especially in the bendings) than the TE one since the birefringence obtained by Ti:diffusion is around 3 times lower for the ordinary index (related to TM in x cut) than for the extraordinary index. Actually, we are working on optimizing this point by changing the way of inducing the index modification in the LN bulk, using ultrafast laser photoinscription [9] .
Internal modulation, monochromatic. We finally studied on-chip modification of OPD by applying an electric field in the extraordinary direction of the crystal (z axis, r 33 of LN). A generator delivered a ramp of 40 Vpp at f 1 Hz on the electrodes. This transverse configuration allows us to modulate the TE and TM modes, respectively, making use of the r 33 and r 13 electro-optic coefficients. Figure 4 shows the modulation results in the TE and TM modes.
The V π voltage is measured by comparison with the external modulation. In our case, as our electrode is 2.6 cm long, the V π · L electrode is 230 V · 2.6 cm in TM mode and 79 V · 2.6 cm in TE mode. This result is in good agreement with the theory because V πTM 2.91V πTE , as expected for LN transverse modulators, where r 33 is 3 times greater than r 13 . These half-wave voltages are not competitive with other similar studies [5, 10] , but we are working on their optimization by reducing the silica buffer thickness and the distance between the electrodes. However, this is the first time, to our knowledge, that both TE and TM polarizations are modulated in the same device at this wavelength.
Internal modulation, wide band. On-chip modulation of the fringes, in the wideband regime, was also obtained, showing that it is possible to scan the central maximum, for both polarizations. However, as the V π is yet too high, we were not able to scan the whole central packet, up to the first coherence length, with this simple function generator.
In conclusion, we have obtained for the first time, to our knowledge, simultaneous TE and TM on-chip modulation in LiNbO 3 active Y junctions. High bandwidth and rejection ratios are obtained, confirming the potential of this material for integrated optics applications in the field of stellar interferometry. Future work will address the problem of leakages for TM polarization, as well as optimization of the electro-optical field interaction, by means of new technological developments. We are working on the improvement of the lithographic process in order to increase the overlap between applied electric field and optical mode.
